Particle-induced osteolysis is a major cause of aseptic loosening after total joint replacement. While the osteolytic cascade initiated by cytokine release from macrophages has been studied extensively, the involvement of T-lymphocytes in this context is controversial and has been addressed by only a few authors. In a former study we detected that the quantity of T-lymphocytes may be influenced by apoptosis in patients with aseptic loosening. In this study we intended to find out more details about the apoptosis-induced shifting of the T-cell number. We focused our interest on the CD4 + and CD8 + T-cells and their relative ratio. Caspase-3 cleaved was evaluated immunohistochemically to detect apoptotic T-cells in capsules and interface membranes from patients with aseptic hip implant loosening and a varying degree of caspase-3 cleaved expression in CD4 + and CD8 + T-lymphocytes was detected. Moreover, a relationship between the intensity of the apoptotic reactions and the radiological extent of osteolysis was observed. The number of CD4 + cells was decreased in the presence of strong apoptotic reactions, respectively extensive osteolysis, while CD8 + cells were affected to a much lower degree. Thus, the CD4 + /CD8 + ratio changed from 1.0 in cases with only small areas of periprosthetic osteolysis and minimally intense apoptosis to 0.33 in cases with large areas of osteolysis. This may suggest a causal relationship between the apoptosis-induced shift in the CD4 + /CD8 + ratio and the osteolysis respectively aseptic loosening. It is possible that these findings may lead to a new understanding of particle-induced osteolysis.
Introduction
Particle-induced osteolysis is a major cause of aseptic loosening after hip joint replacement. Periprosthetic osteolysis is initiated by an aseptic inflammatory response to phagocytosis of implant wear particles resulting in increased proliferation and differentiation of osteoclast precursors into mature osteoclasts [1] . Progressive osteolysis can result in implant instability and failure, eventually requiring revision surgery. The complexity of this topic is reflected by the large number of published studies on particle-induced bio-reactivity. While the osteolytic cascade initiated by cytokine release from macrophages has been studied extensively, the involvement of T-lymphocytes in this context is controversial and has been addressed by only a few authors [2] . Most of them focused their interest on the affects of lymphocyte-mediated sensitivity on implant perfomance [3] . In previous studies, besides increased apoptosis of macrophages, giant cells and fibroblasts, we also observed apoptosis of T-lymphocytes in the capsules and interface membranes of patients with aseptic hip implant loosening, but not in the capsules of patients without joint replacements [4, 5] . In addition to other immunohistochemical markers, apoptotic reactions were identified by caspase-3 cleaved. Caspases cleave a number of different substrates in the cytoplasm or nucleus leading to many of the morphological features of apoptotic cell death [6] . In the apoptotic effector pathway, caspase-3 is probably best correlated with apoptosis in mammalian cells [7] . On closer inspection of the T-lymphocytes in the tissues we saw varying intensities of apoptosis, related to the extent of osteolysis [5] : In the early stages of osteolysis we found no caspase-3 cleaved reaction in T-cells. As the extent of osteolysis increased, we observed a corresponding increase in the intensity of the apoptotic reactions. But the capsules and interface membranes of the patients with the most advanced osteolysis, showed no apoptotic reactions in the T-lymphocytes. Depending on the extent of osteolysis and degree of apoptotic reactions, the number of T-cells also differed and we observed a greater number of these cells in the earlier stages than in the advanced stages. In that study we did not differentiate between the different subsets of T-lymphocytes. A differentiation could be made by the "clusters of differentiation" (CD). These are co-receptors, that most T-lymphocytes express if released from the thymus to peripheral tissues. They play a major role in determining the lymphocytes' function [8, 9] . The most common receptors are CD4 and CD8. T-cells expressing CD4 are also known as CD4 + T-cells. CD4 is predominantly expressed on the surface of helper T-cells, CD8 on cytotoxic killer cells. CD4 + T-cells are specific for antigens presented by major histocompatibility complex II (MHC II) molecules on the surface of antigen-presenting cells (APC) such as macrophages, dendritic cells and B-lymphocytes. CD8 + T-cells are specific for the class I MHC molecules on non-body-own proteins [10] .
In the current study we intended to find out if wear particle-induced apoptosis in T-lymphocytes influences the balance between the different subsets of T-lymphocytes, as is seen in the pathogenesis of impaired wound healing, myasthenia gravis, liver inflammation after sepsis and other diseases [11] [12] [13] . As these studies focused their interest on the CD4 + and CD8 + T-lymphocytes and the value of the CD4 + /CD8 + ratio, we also concentrated on this aspect.
Materials and Methods

Patients
We investigated specimens from patients with total hip arthoplasty (Group 1), patients with primary total hip replacement for osteoarthritis (Group 2) and autopsies (Group 3). Groups 1 and 2 consisted of consecutive cases operated at the Department of Orthopaedics of the University of Duisburg-Essen, Group 3 consisted of cases autopsied at the Institute of Legal Medicine, University of Hamburg. This collective of cases has already been used in a previous study by our group [5] . The study was approved by the local Ethics Committee.
Group 1: The group consisted of twenty-one patients, thirteen female and eight male. The mean age was 70.3, ranging from 45 to 85 (Standard Deviation (SD): 11.4). The mean survival time (time in situ) of the implant was 12.2 years, ranging from 3 to 20 years (SD: 5.3). Three patients had already had one previous exchange, in one case it was the second and in another case it was the third exchange. In each case the articulations of the loosened prostheses were a metal femoral head and a polyethylene cup. All patients had undergone primary total hip replacement for primary osteoarthritis. Patients with osteonecrosis, rheumatoid arthritis, and relevant comorbidities were not included. In addition, cases with loosening due to surgical technique or initial implant malpositioning were excluded. Eleven patients received a cemented polyethyelene acetabular component and cemented stem manufactured from a stainless-steel alloy. Uncemented implants were used in eight cases manufactured from a titanium alloy. Hybrid-fixation was performed in two cases with an uncemented titanium acetabular component and a cemented stainless-steel stem. For further clinical data of the patients included in Group 1 see Table 1 . The reason for revision surgery was aseptic loosening of a hip implant. The presence of infection was excluded by analysis of inflammatory markers in the blood (C-reactive protein, leucocytosis), by culture of joint fluid obtained by aspiration from the hip joint for twenty-one days and by histology of hip joint capsules and interface membrane. Loosening was diagnosed preoperatively using modified radiographic criteria described previously: Loosening of cemented acetabular components was defined as migration of the acetabular component, a new fracture in the cement mantle, or a circumferential radiolucent line between the bone and the cement mantle that was not visible on the immediately postoperative radiographs [14] . Loosening of cemented femoral components was defined as subsidence of the femoral component, fracture of the cement or stem, or a circumferential radiolucent line at the bone-cement interface [15] . Debonding of the femoral component with a radiolucent line of smaller than two millimetres between the shoulder of the prosthesis and the cement was not considered to represent loosening. Uncemented acetabular and femoral components were evaluated according to the system described by McAuley et al. [16] . The femoral and acetabular bone defects seen in the radiographs were classified according to the classification of Paprosky [17] . Group 2: Group 2 consisted of sixteen patients who underwent primary total hip replacement for osteoarthritis. Patients with osteonecrosis, rheumatoid arthritis and serious secondary diseases were not included. Ten patients were female and six were male. The mean age was 64.8, ranging from 44 to 75 (SD: 9.8).
Group 3: Group 3 consisted of six patients who had been autopsied at the Department of Forensic Pathology at the Institute of Legal Medicine, University of Hamburg and who had no historical or radiological evidence of osteoarthritis of the hip at the time of death. Three patients were female and three were male. The mean age was 57.7, ranging from 47 to 80 (SD: 12.2).
Specimens
Group 1: Tissues were harvested from the newly formed hip joint capsules as well as from the interface membranes of the acetabular and femoral periprosthetic regions after removal of prostheses from patients undergoing exchange hip arthroplasty.
Group 2: In Group 2 hip capsules were retrieved during primary total hip arthroplasty.
Group 3: In Group 3 hip capsules were retrieved during autopsy.
Tissue processing
Formalin-fixed and paraffin-embedded tissues from patients were retrieved from the files of the Department of Pathology and Neuropathology, University Hospital of Essen, University of Duisburg-Essen and the Institute of Legal Medicine, University of Hamburg.
Hematoxylin Eosin (HE) staining
Sections were cut to a thickness of 4 µm and mounted on glass slides. The staining was performed using Mayers Hämalaun (Merck 109249) and Erythrosin B (Merck 115936) solutions.
Immunohistochemistry
Semi-thin serial sections were cut and mounted on protein-coated glass slides. After dewaxing in xylene and rehydration in a series of alcohols, endogenous peroxidase activity in the tissue was blocked with 5% hydrogen peroxidase for five minutes. This was followed by incubation with the primary antibodies to caspase-3 cleaved (polyclonal antibody, dilution of 1:200; Zytomed Systems, Berlin, Germany), CD4 (monoclonal antibody, dilution of 1:40; Zytomed Systems, Berlin, Germany) and CD8 (monoclonal antibody, dilution of 1:150; Dako, Glostrup, Denmark) for thirty minutes at room temperature using an automated autostainer (Autostainer, Dako-Cytomation, Glostrup, Denmark). Afterwards, a second incubation with Zytomed POLHRP-100 (brown) or POLAP-100 (red) as well as visualisation according to the manufacturer's instructions (Zytomed Systems, Berlin, Germany) was performed. The specificity of the immunoreactions was checked by omission of the primary antibody. Tonsil tissue served as positive control for caspase-3 cleaved, respectively for T-cell markers CD4 and CD8.
For double immunohistochenistry, the same caspase-3 cleaved antibody and CD4 respectively CD8 antibody were used. Antigen retrieval was carried out at 98°C for 10 min in a water bath (Target retrieval buffer, DAKO). The caspase-3 cleaved/CD4 and caspase-3 cleaved/CD8 double labelings were done in two steps. First, caspase-3 cleaved labeling with an immunhistochemical staining technique based on a horseradish peroxidase (HRP)-labeled polymer that is conjugated to secondary antibodies (ZytoChemPlus HRP Polymer Kit, Zytomed Systems) was done. Staining was completed by an incubation with 3,3´-diaminobenzidine + substrate-chromogen (Zytomed Systems), which results in a brown-colored precipitate at the antigen site. Second, CD4 or CD8 labeling was done with an alkaline phosphatase -labeled polymer (ZytoChemPlus AP Polymer Kit, Zytomed Systems) and developed with a Permanent Red chromogenic substrate system (Zytomed Systems). At the end of the procedure, nuclei were counterstained with hematoxylin for 5 min.
Light microscopy
Before analysis, the sections were coded and blinded. All areas of each biopsy section were examined independently by two observers, a consultant pathologist (M.T.) and an orthopaedic resident (S.L.) specially trained in histology for this project. The results were equalized by a consensus read out. The sections were scored for the presence of caspase-3 cleaved in T-lymphocytes: The percentage of caspase-3 cleaved positive T-lymphocytes per total lymphocytes was evaluated and a semi-quantitatively proportion score was attributed on a 0-5 scale, as follows: 0 = no staining, 1 = rare positive cells (1-5%), 2 = scattered clusters of positive cells (6-20%), 3 = positive staining in quite a large number of cells (21-50%), 4 = strong staining in most cells (51-80%), 5 = strong staining in nearly all cells (81-100%).
Furthermore, the sections were investigated for the presence of CD4 + and CD8 + T-lymphocytes. For each CD4 stained section, three random fields of a minimum of 100 cells each were counted at a magnification of 200x. The same areas were selected in the CD8 stained sections for counting. All data are reported as means of the respective section.
Finally, the sections were scored semi-quantitatively for the presence of microscopic-sized polyethylene particles and metal particles (for example titanium) on a 0-5 score: 0 = no particles, 1 = rare particles, 2 = few scattered clusters of particles, 3 = considerable number of particles in several regions, 4 = many particles in most regions, 5 = particles diffusely distributed in the whole tissue.
Statistical Analysis
We calculated the CD4 + /CD8 + ratio by division of the assigned semi-quantitative scores of both T-lymphocyte subsets.
The Mann-Whitney-U test was applied for comparison of caspase-3 cleaved immunoreactivity in Groups 1 and 2. This test was based on the exact permutation distribution, since the sample sizes are small. Comparisons with p-values < 0.05 were considered to be significant. No adjustment for multiple testing was applied since the statistical analysis was performed in an exploratory manner. The software SPSS 12.0 (SPSS Inc. Headquarters, Chicago, Illinois, USA) was used to carry out the statistical computations.
Results
Histology
Group 1: HE staining of the interface tissue revealed typical features of membranes that form in response to arthroplasty-derived particles, i.e. numerous fibrous cells in a bed of connective tissue. In the capsule tissue HE staining showed the fibrous membrane with collagen fibres, and the synovial membrane with loose connective tissue, fibrous and synovial cells.
Varying quantities of wear debris, including metal and polyethylene particles, were found in the capsule and interface tissues, accompanied by a cellular infiltrate of T-lymphocytes, macrophages, giant cells, fibroblasts and synovial cells. Scores for the presence of polyethylene and metal particles in capsules and interfaces are presented in Table 2 . All kind of cells, including T-lymphocytes were situated predominantly on the bone-near side of the capsules and interface membranes. a PE = polyethylene; ME = metal. The sections were scored semi-quantitatively for the presence of microscopic-sized polyethylene and metal particles (for example titanium) on a 0-5 score: 0 = no particles, 1 = small number of particles in only a few regions, 2 = several particles in some regions, 3 = quite a large number of particles in a large number of regions, 4 = many particles in most regions, 5 = many particles in the whole tissue. Group 2: In the capsule samples from patients with osteoarthritis HE staining showed a thickening of the synovial membrane accompanied by a focal proliferation of synovial cells. In advanced cases hyperaemia as well as lymphocytic infiltration of the fibrous tissue was observed. Fibroblasts and macrophages were seen in lower numbers than in Group 1. Giant cells were consistently not observed.
Group 3: HE staining showed physiological capsule tissue: A fibrous membrane with collagen fibres and a synovial membrane with loose connective tissue, fibrous and synovial cells.
Immunohistochemistry
Caspase-3 cleaved
Group 1: The results for Group 1 are presented in Table 2 . Both the interface membranes and capsules from patients with aseptic loosening of their hip prosthesis frequently showed a positive reaction in the T-lymphocytes. Caspase-3 cleaved immunoreactivity was also observed in macrophages, giant cells, fibroblasts and synovial cells. Results for these types of cells have already been published [5] .
The caspase-3 cleaved/CD4 and caspase-3 cleaved/CD8 double immunohistochemistry showed caspase-3 cleaved reactions almost always in CD4 cells (Figure 2) . Group 2 and 3: No caspase-3 cleaved immunoreactivity was detected in T-lymphocytes or other cells.
CD4 and CD8
Group 1: The results for Group 1 are presented in Table 2 . The tissue samples showed variable numbers of lymphocytes. In most samples the number of lymphocytes was obviously increased in comparison to control group 3 with a mean T-cell number per random field of 70.3 in the capsules, 82.7 in the acetabular interfaces and 84.1 in the stem interfaces. In all cases we found more CD8 + than CD4 + cells.
Group 2:
We found an increase in the number of T-cells compared to tissues of patients without osteoarthrosis, especially in the number of CD4 + cells. The mean T-cell number per random field was 77.8. In all cases we found more CD4 + than CD8 + cells.
Group 3: As is characteristic for normal tissue only a few T-cells (mean 11.2) were detected and CD4 + T-cells were dominating.
Statistical analysis
In the Mann-Whitney-U test the comparison of caspase-3 cleaved expression in capsules between Group 1 (patients with aseptic loosening) and Group 2 (patients with osteoarthritis) showed significant differences for T-lymphocytes (p<0.001), macrophages (p<0.001) and fibroblasts (p<0.001).
The CD4 + /CD8 + ratio ranged between 0.33 and 1.0 in Group 1 with a mean score of 0.6 (SD 0.2) in the capsules, 0.6 (SD 0.2) in the acetabular interfaces and 0.7 (SD 0.2) in stem interfaces. In Group 2 the CD4 + /CD8 + ratio ranged between 1.1 and 1.6 with a mean score of 1.3 (SD 0.1). In Group 3 the CD4 + /CD8 + ratio ranged between 1.2 and 1.4 with a mean score of 1.2 (SD 0.1).
Discussion
Most studies attempting to explain the aetiology of aseptic loosening of joint prostheses have concentrated on macrophages which are thought to play the central role [2, 18] . The role of T-lymphocytes in aseptic loosening is largely unknown. While some studies of the cellularity of periprosthetic tissues from patients with aseptic loosening suggest the presence of a substantial quantity of activated T-cells, other reports are controversial, reporting only unactivated or low numbers of lymphocytes [19] [20] [21] [22] . The quantity of T-lymphocytes may be influenced by apoptosis, which we described in a previous study [4, 5] . In this study we intended to find out more details about the apoptosis-induced shifting of the T-cell number in patients with aseptic loosening. The collective of cases and specimens stained by caspase-3 cleaved in a former study [5] , was reinvestigated for CD4 + and CD8 + T-lymphocytes, because we wanted to find out if these two T-lymphocyte subsets are influenced by wear particle-induced apoptosis in the same manner.
While in previous studies [4, 5] detection of T-lymphocytes was performed semi-quantitatively by morphological means, in the actual study we evaluated their presence by immunohistochemistry and number of respective cell types was counted by using random fields. Thus, we could confirm our previous observation that in Groups 1 (total hip arthoplasty) and 2 (primary total hip replacement for osteoarthritis) there is an increased lymphocytic infiltration such as would occur in the presence of chronic inflammation. This can be attributed to wear debris respectively osteoarthritis. In Group 3 (without osteoarthrosis) a low number of lymphocytes appropriate to physiological capsule tissue was found.
In terms of apoptotic reactions in T-lymphocytes we observed a varying degree of caspase-3 cleaved staining in the capsules and interface membranes of patients with aseptic loosening (Group 1), while the tissues of patients without arthoplasty showed no apoptotic reactions (Groups 2 and 3) . The intensity of the apoptotic reactions tends to follow the radiological changes classified by Paprosky et al. [17] : In the early stages of osteolysis with a Paprosky score of acetabular 1 respectively femoral 1 we found no caspase-3 cleaved reaction in T-cells. As the extent of osteolysis increased, we observed a corresponding increase in the intensity of the apoptotic reactions. But the capsules and interface membranes of the patients with the most advanced osteolysis and a Paprosky score of 3c acetabular respectively 4 femoral showed no apoptotic reactions in the T-lymphocytes. This might be caused by the fact that the morphological aspect of the tissues was similar to scar tissue. Moreover, we also found many necrotic areas.
Associated with the increasing apoptosis in T-lymphocytes the number of CD4 + cells was decreased in cases with large areas of osteolysis (Fig. 1a) , while the number of CD8 + cells was affected to a much lower extent (Fig. 1b) . Moreover the caspase-3 cleaved/CD4 and caspase-3 cleaved/CD8 double immunohistochemistry showed caspase-3 cleaved reactions almost always in CD4 cells (Figure 2) . Thus, the CD4 + /CD8 + ratio changed from 1.0 in cases with small areas of periprosthetic osteolysis and minimally intense apoptosis to 0.33 in cases with large areas of osteolysis, especially observed in the interface membranes. We therefore speculate that the apoptotic reactions in CD4 + T-lymphocytes are one reason for the inversed CD4 + /CD8 + ratio in patients with aseptic loosening. Our observation that the number of CD4 + cells is related to the extent of osteolysis could be the reason why Hercus et al. observed a predominance of CD4 + in the interface membranes of most patients with aseptic loosening [23] . In a former study we observed no proliferation of T-lymphocytes neither in the capsules nor in the interface membranes, so the decrease of CD4 + seems not be influenced by a lower proliferation rate but by a higher apoptotic rate.
The level of apoptotic reactions and the number of CD4 + and CD8 + T-lymphocytes was not influenced by the type of endoprosthesis or the sex and age of patients.
The control groups in our study always showed positive CD4 + /CD8 + ratios (>1) with an average score of 1.3 in Group 2, and 1.2 in Group 3. Scores between 1 and 1.5 can be regarded as normal in the tissues of human beings. We speculate that the diminished CD4 + expression, caused by apoptosis, and the relatively increased number of CD8 + T cells are involved in the pathophysiological process of aseptic loosening. As mentioned before, it is known that in various pathophysiological processes, for example wound healing, the balance of the different T-cell subsets influences the outcome of healing [11, 24] : An impaired function or complete lack of CD4 + T-cells leads to diminished wound repair. In contrast, isolated depletion of CD8 + lymphocytes promotes healing by enhancing mechanical strength and collagen formation [11, 25] . It is conceivable that the abundance of CD8 + T-cells leads to a down-regulation of the mechanical strength in the interface membranes and capsules, which finally results in the necrotic tissues observed in patients with pronounced osteolysis. This consideration is supported by the fact that helper T-cells (CD4 + ) possess the ability to control the immune response while cytotoxic T-cells (CD8 + ) can cause tissue damage and to a certain extent influence the local response.
Moreover, more recent in vitro studies have demonstrated that CD4 + and CD8 + sub-populations are able to influence osteoclastogenesis: Especially regulatory T cells, a subset of CD4 + T-lymphocytes, inhibit osteoclast differentiation from Peripheral Blood Mononuclear Cells (PBMCs) [26, 27] . We therefore conclude that apoptotic reactions in CD4 + T cells are harmful because we speculate that the slowdown of CD4 + cells is jointly responsible for an activation of osteoclasts.
At this point it is not clear which factors are responsible for induction of apoptosis in T-lymphocytes, especially in the CD4 + T cells. It was demonstrated that in other inflammatory diseases an increased production of nitric oxide (NO) causes activated T-lymphocytes to undergo apoptosis [28, 29] . Dalton et al. observed impaired apoptosis of CD4 + T-cells in iNOS (inducible nitric oxide synthase) knockout mice, suggesting that iNOS is jointly responsible for apoptosis in CD4 + T-cells [29] . Increased expression of iNOS by macrophages has also been noticed in connection with loose total hip replacements. We therefore assume that iNOS is one reason for the described apoptotic reactions in T-lymphocytes.
In parallel to the decrease of the CD4 + /CD8 + ratio we observed an influx of macrophages in the tissues from patients with advanced loosening of the hip implant who had a Paprosky score of 2c to 3b in the acetabular tissue, respectively 3 in the femoral tissue. It may be speculated if the increased expression of iNOS is responsible for the decrease of the CD4 + /CD8 + ratio. Furthermore, as described in a former study of our group apoptotic reactions in the macrophages does not compensate the increasing number of these cells [5] . Further studies are necessary to clarify the exact mechanism and to determine the pathogenetic role of the shift in the CD4 + /CD8 + ratio. These studies might also clarify if the change in CD4 + /CD8 + ratio is really, as supposed by us, the cause or the effect of aseptic osteolysis. Understanding of these mechanisms could lead to a concept for therapeutic action to treat or prevent aseptic loosening. 
Conclusions
In this study, apoptosis of T-lymphocytes was detected in vivo in the capsules and interface membranes of patients with aseptic hip implant loosening. The apoptotic reactions led to a CD4 + /CD8 + ratio in which CD8 + predominated. This may suggest a causal relationship with osteolysis and aseptic loosening. This is substantiated by the fact that the apoptotic reactions in the lymphocytes and the CD4 + /CD8 + ratio correlate with the stage of osteolysis in aseptic loosening. It is possible that these findings may lead to a new understanding of particle-induced osteolysis.
